Abstract: Human serum albumin (HSA), a major transport protein component in blood plasma, has been reported recently to play many important roles in pharmacotherapeutics development. Owing to its promising intrinsic binding capability of drug molecules, HSA offers favorable characteristics and can be directly used as its monomeric formula or can be fabricated into protein based nanoparticle platforms to realize the effective delivery of therapeutic molecules into targeted diseases areas. In addition, HSA can also serve as a protein stabilizer or environment-responsive moieties to hybridize with the functional materials including polymers or inorganic nanoparticles through the covalent reactions or electrostatic interactions, and can thus greatly alter the relevant biological distribution and pharmacokinetic behavior to improve their therapeutic efficacy. By right, extensive studies have been conducted to develop HSA-conjugated pharmacotherapeutic agents toward effective in vitro and in vivo diseases diagnosis and treatment. The current review gives an in-detail account of the latest progresses of HSA-based carriers as functional protein materials, mainly with respect to its conjugation types, formulation aspects, and importantly their promising applications towards enhanced drug delivery and medical diagnosis.
INTRODUCTION
Controlled release of therapeutic agents at location of disease areas with desired dosage will be of clinical significance to guarantee the determinative therapeutic and diagnostic consequence while minimizing the drug resistance and other side effects in the process of the treatment. So far, various types of delivery vehicles including liposomes, polymeric nanoparticles and nanoscale protein materials have been developed to achieve the precise and safe drug release by means of the enhanced permeability and retention (EPR) effect [1] [2] [3] . Amongst the available materials in drug delivery system, the nano/micro structures formed by proteins, a kind of natural biopolymers, have gained increasing attention due to their promising features of high bioavailability and favorable drug loading capacity [4, 5] . Moreover, unlike the synthetic polymers and other kinds of biopolymers such as polysaccharides, the delivery platforms based on natural proteins are easily amenable to residue specific modifications, which allow the precise control of their structures and functions in living systems. Such natural protein based delivery vehicles with site directed attachment of drugs and functional groups could therefore indicate profound effects towards the enhanced in vivo efficacy and therapeutic index over traditional treatment process [6] .
Human serum albumin (HSA) is a major soluble protein (35-50 g/L human serum) in our blood and involved in many important bio-functions such as the maintenance of osmotic pressure and delivery of nutrients from circulating system to cells. HSA has been found highly soluble in aqueous solutions (up to 40% w/v) at pH 7.4 and extreme stable under a wide pH range from 4 to 9. In addition, as a natural transport protein, HSA has also been found to be able to bind with various endogenous and exogenous drug molecules in physiological environment. These intrinsic properties make HSA an attractive protein material for delivery of a wide variety of drugs or diagnostic agents toward the biomedical usage [7, 8] .
*Address correspndence to this author at the Division of Chemistry and Biological Chemistry, Nanyang Technological University, Singapore 637371, Singapore; E-mail: Liuf0019@e.ntu.edu.sg; Bengang@ntu.edu.sg Moreover, due to its favorable stability, biodegradability, promising size distribution and easily controlled surface chemistry, HSA has become the most commonly used biopolymers-based nanocarriers for the purpose of drug/gene delivery and medical diagnosis [9, 10] .
Herein, we give an overview on the latest progress of HSAbased protein carriers for the improved drug delivery. Since some HSA-based protein transport systems have been well summarized in recent years [11, 12] , in this review, we will mainly focus on the recent developments regarding the systematic strategies for the design and fabrication of HSA-based drug carriers and their relevant in vitro and in vivo applications based on literatures reported within the latest few years. Upon a general introduction to the structural and chemical properties of human serum albumin, the selected cases will be discussed in detail with respect to the conjugation types and formulation aspects between drug molecules and HSA moiety. The recent advances on improved drug delivery system through monomeric HSA-drug complexes, HSA-based protein particles and HSA-polymer/inorganic nanoparticle hybrids will also be extensively described. The final section summarizes future prospective for HSA carrier protein as promising scaffold toward the biomedical applications in targeted therapeutic delivery and medical diagnosis.
residue sequences endow albumins a high total charge property (with the net charge of -15 at physiological pH), and thus promoting its solubility [14, 15] . The X-ray structure analysis reveals that HSA contains three homologous domains (I, II and III). These domains form a heart shape confirmation, and each of them contains 10 alpha helixes that can be further classified into two sub-domains (A and B) (as showed in Fig. 1) . Basically, native HSA has excellent stability in physiological conditions with an average half-life of 15-20 days, which makes this protein an important transporter for a number of biomolecules. Such favorable stability is partly contributed from its 17 intramolecular disulphide bridges [16] , which thus holds the great advantages as a protein material in the fabrication of biopharmaceutical products. Numerous biophysical studies also revealed that HSA has several amphiphilic regions consisting of a number of alpha-helixes. Contributed from the amphipathicity and flexibility of alpha-helix reach regions, HSA represents the great potentials for binding of various ligands with promising affinity (10 -4 to10 -6 M), particularly for those with amphiphilic property. Although some ligands (e.g. fatty acid etc) were found binding to albumin at multiple sites, the IIA and IIIA subdomains have been proved to be major binding sites for the different types of ligands. In detail, the main binding forces for ligands affinity to subdomain IIA are derived from enthalpy, indicating the ionic interactions would be major factors for this subdomain. In contrast, the major binding forces for subdomain IIIA were entropy-driven, implying the hydrophobic interactions are the main contributing factors for ligands binding to the pocket of IIIA [17, 18] . Such interactions with HSA protein will influence the distribution, metabolism and excretion of small molecules in living systems [12, 19] .
Furthermore, owing to its favorable flexibility, HSA also represents reversible conformation changes in the solutions with different pH values. Those conformation changes are thought to provide the structural basis for controllable encapsulation and release of drug molecules [20] . It is proposed that after binding with ligands, HSA-ligand complex could circulate through the body. When it reaches the target cells, the local pH changes at the cell membrane region may induce the conformation change of HSA, thereby leading the loose of caged molecules from HSA [21, 22] . Although the signal pathway for native HSA trafficking has not been fully recovered yet, generally, the protein was thought to bind to the albumin receptor proteins (e.g. gp60) for translocation across the endothelial cells [23] . Moreover, in some cases, the ligand binding may even influence biodegradation of HSA. For example, the binding fatty acid was found able to increase the half-life time of HSA in circulation system [24, 25] .
RECENT ADVANCES IN HSA BASED PROTEIN MATERIALS FOR PHARMACEUTICAL USAGE.
Generally, tumor vascular abnormality allows enhanced accumulation of nano-sized drug cargos in tumor tissues rather than plasma or other organs. Such so-called enhanced permeability and retention (EPR) effect may decrease the renal clearance of nanosized drug moieties, and thus increasing their circulation time in living system [26] . Usually, macromolecules with molecular weight of 40 to 800 kD employed as carriers for the development of tunable nano-sized prodrugs typically have hydrodynamic radii between 2 nm and 10 nm, and their biological behaviors will be mainly dominated by EPR effect [11, [27] [28] [29] . It should be noted that the monomeric human serum albumin protein has an effective hydrodynamic diameter of 7.2 nm, could thus work as carriers and enable the efficient delivery of therapeutic molecules on the basis of such EPR effect. Moreover, due to its promising bioavailability and drug loading capacity, HSA has often been used to form protein nanoparticles which can be employed for the purpose of drug or gene delivery [5, 6, 30] . In this section, the recent progress in the preparation and application of HSA based protein materials will be summarized according to their conjugation types and formulation aspects.
HSA-based Protein Conjugates for Therapeutic Design

HSA-Drug Conjugates Derived from Non-covalent Interactions
In terms of its unique biophysical properties, native HSA represents a number of binding sites for various types of drug molecules. Curry etc. summarized the ligand binding capacity of HSA based on the crystallographic studies up to 2005. For example, some acidic lipophilic endogenous compounds such as fatty acids, bilirubin and hemin etc are likely binding to HSA in multiple recognition sites. Some commonly used drug molecules including those with negative charges in physiological conditions are found priority bound to the binding sites mainly exist in subdomain IIA and IIB (Fig. 2) [16] . More recently, Hazai etc [31] also indicated a systematic docking analysis to investigate the relationships between the chemical structures of a drug and the binding features to HSA and they found that apolar moieties (e.g. the hydrophobic tail of a fatty acid) of the ligand molecules were likely to be buried in the hydrophobic cleft in binding site.
Due to the promising binding of hydrophobic ligands to HSA, the strategy to enhance the binding affinity of a drug molecule toward HSA by introducing an additional hydrophobic part to the drug molecule structure has therefore become a well recognized method in the rational design of pharmaceutical prodrugs. For instance, metal-based platinum drugs such as cisplatin, carboplatin and oxaliplatin, have been widely used in clinics to treat a variety of solid tumors, which have been proposed to effectively suppress tumor progression by their interactions with DNA in tumor cells [32] . Unfortunately, the lack of tumor specificity, severe toxic side-effects, and acquired or intrinsic tumor resistance of platinum drugs remain the serious problems in clinical practice. Therefore, systematic studies aimed at designing and preparing new strategies to further improve the therapeutic index and minimize side effects associated with cancer treatments are currently the topics of consideration. To this end, Lippard's group recently proposed a new drug design by incorporation of platinum (IV) prodrugs with native HSA proteins [33] . In this typical study, a series of platinum (IV) molecules have been modified with fatty acid chain at axial position. Among them, the platinum (IV) complex with length of C16 which could form a non-covalent adduct with ratio of Pt and HSA: 1: 1 (Fig. 3) . The in vitro stability studies showed this well optimized Pt-HSA complex has significant longer life time (6.8 h)
in whole human blood than that of cisplatin (20 min) or satraplatin (6 min). Moreover, the non-covalent metal drug and HSA protein complex also indicated enhanced in vitro anticancer activity when compared with cisplatin.
Inspired by the hypothesis that the increased hydrophobic interactions with human serum albumin could potentially enhance the bioavailability of platinum antitumor prodrugs, similar design was also applied in other non-platinum metal complexes [34] [35] [36] [37] . For example, recently, Keppler and Walsby etc demonstrated systematic studies through a series of pyridine-based Ru III derivatives (as shown in Fig. 4) for antitumor applications [34, 38] . They confirmed that the pretreatment of those Ru III prodrugs with HSA could greatly improve anticancer activities in vitro. The detailed mechanism was further analyzed by crystallographic studies and EPR measurements, which clearly indicated that the enhanced noncoordinate interactions might increase the solubility of these metal complexes, and such unique interactions could effectively inhibit unexpected protein-metal coordination, thus improving their antitumor activities [34] .
Together with metal based antitumor prodrugs, some amphiphilic dye molecules were also reported to bind with HSA structure through electrostatic and hydrophobic interactions [39, 40] . For example, a near-infrared dye IR825 was found to form HSA-IR825 complex with 1: 1 ratio [40, 41] . Such HSA-IR825 complex indi- Fig. (2) . Summary of the ligand binding capacity of HSA based on crystallographic studies. Ligands are depicted in space-filling representation; oxygen atoms are marked as red; all other atoms are coloured dark-grey, light grey and orange, respectively [16] . [Reprinted by copyright permission of Elsevier] Fig. (3) . Schematic illustration of the incorporation of a platinum (IV) prodrug with HSA [33] . [Reprinted by copyright permission of American Chemical Society] cated greatly enhanced (e.g. 100-fold) fluorescence emission under 600 nm compared to that of free IR825. Meanwhile, a rather high absorbance but low fluorescence QY at 808 nm was observed. By taking those unique properties, this photoactive HSA-IR825 complex indicated a robust imaging guided photothermal effect for in vivo tumor treatment when upon the light irradiation at 808nm [40] . Typically, the in vivo animal imaging and cancer phototherapy showed that HSA-IR825 effectively accumulated in tumor sites with highest fluorescence signals than other organs, and therefore exhibited strong photothermal effects. Tumors of mice in the treatment group were completely ablated by photothermal therapy within 16 days after treatment (Fig. 5) . Similarly, another MRI imaging guided photodynamic cancer therapy system based on Gd (III)-tetraphenylporphyrin complex was also reported recently when upon its non-covalent conjugation with native HSA protein [42] . Such HSA conjugation would lead to the enhanced uptake of the porphyrin-Gd complexes by tumor cells, and thus demonstrated specific cell toxicity to the targeted tumor cells.
Generally, the presence of hydrophobic moieties in a drug molecule structure could enhance its affinity to HSA indeed, thus stabilize the drug-HSA protein conjugates for the purpose of improving drug stability and circulation retention. Although, this strategy has been extensively used in the design of anticancer macromolecular drugs, in some cases, HSA binding, if too strong, could also potentially prevent the recognition of drug molecules from the targeted enzymes or proteins, and therefore greatly compromised the treatment efficacy [43, 44] . For example, diflunisal, a salicylic acid derivative, has been widely used in the clinics for its anti-inflammatory activity. Because of its strong binding ability to HSA, the major diflunisal molecules have been found unavailable for reaction with the target enzyme during the treatment [45] . To ensure therapeutic efficacy, extreme high dosing levels of diflunisal drug molecules (> 250 mg twice daily) have to be often applied in hospitals. However, such high dose may easily cause undesirable side effects (e.g. gastrointestinal irritation etc), especially during chronic therapy [46] . Therefore, in order to optimize the reasonable binding affinity of this drug molecule to albumin protein, rather than to use drug molecule itself, Liang etc proposed a new diflunisal-HSA complex by incorporation of diflunisal prodrug into HSA. This prodrug-HSA complex displayed a relative weak intramolecular interaction than the complex formed by diflunisal and HSA [44] . The reduced binding affinity of prodrug to HSA holds great advantages in effective release of prodrugs from albumin carrier into the circulation, which thus significantly improved the drug bioavailability.
HSA-based Protein Drug Conjugates Derived from Covalent Interaction
Although there is an increasing interest in generation of drugprotein complex on the basis of electrostatic interactions, covalent conjugation remains the most commonly used approach in the field since it offers more stable HSA-drug complexes. Additionally, HSA represents numerous accessible functional groups due to the presence of abundant highly reactive amino acid residues including aspartic acid (36) , glutamic aicd (61), lysine (59) and cysteine (35) etc [7] . Therefore, various types of HSA-drug complexes can be easily achieved by well-established coupling reactions between drug molecules and these reactive functional groups observed in HSA protein structure.
Target Cysteine Residues on HSA for Covalent Interaction with Drug Molecules
In the end of 1990s, Kratz etc. firstly developed a novel prodrug concept by introducing drugs onto HSA through the specific reaction between maleimide tagged drug molecules and the thiol group in cysteine (cys34) in protein structure. As a proof of concept, a doxorubicin-HSA conjugate was developed by conjugation of maleimide bearing doxorubicin (DOX) prodrug DOXO-EMCH to the cysteine-34 position on native HSA [12, 47, 48] (Fig.  6) . Typically, this prodrug contained an acidic environment sensitive hydrazone linker, which allowed free doxorubicin release either in intracellular acidic organelles (e.g. late endosome and lysosome etc) or in the slightly acidic environment often presented in tumor tissue. The preclinical study showed that this HSA bounded DOX prodrug system produced very promising antitumor effects. When compared with free doxorubicin, this DOX-HSA conjugate exhibited significantly reduced cardiotoxicity [49, 50] . Moreover, the phase I study also demonstrated that such drug-HSA covalent conjugate was able to induce tumor regressions in breast cancer, small cell lung cancer and sarcoma. Currently, the further Phase Ib (studies based on the combination treatment with other anti-cancer drugs such as ifosfamide and gemcitabine are still under processing now [51] .
Similar design was also applied in other metal based drug molecules. For example, very recently, Christian and coworkers developed a new functional platinum (IV) prodrug for enhanced antitumor application by in situ targeting to HSA proteins in blood [52] . Typically, Pt(IV) complexes with -OH groups at both axial positions were functionalized with maleimide moieties (As showed in Fig. 7) . Such maleimide modified Pt(IV) complexes could specifically react with thiol groups in free Cysteine residues (e.g. cys34) in human serum albumin structure. The in vivo results clearly demonstrated that this new Pt(IV) prodrug had highly potent anticancer activity against CT-26 tumors, which therefore provided a feasible strategy to enhance tumor-targeting of platinum (IV) drugs in vivo.
Thereafter, targeting the free cysteine residue (cys34) on HSA has successfully become one of the mostly used strategies in the design of drug-HSA conjugates. Actually, apart from small molecule drugs, therapeutic reagents based on polypeptide structures Fig. (4) . The chemical structures of typical Keppler-type Ru III agents and their modified analogues synthesized by Walsby's group. Picture adapted from reference [34] .
were also reported to covalently conjugate with HSA carrier. For instance, polypeptide C34, one peptide sequence derived from the HR2 region of glycoprotein gp41 that helps HIV enters T-cells, has been well-known as a potent inhibitor against HIV fusion/entry. Recently, Stoddart etc reported a peptide-HSA macromolecular therapeutic conjugate (PC-1505) based on the reaction between maleimide-C34 derivative and the free cysteine residue of HAS [53] (Fig. 8) . The inhibition effect against HIV fusion of this macromolecular inhibitor was further evaluated in comparison with free polypeptide C34, and also T-20, another synthetic peptide as control that targets the conformational rearrangements of gp41. PC-1505 was approximately three times more potent than unbounded peptide in reducing the levels of HIV-1 RNA in the implants. And the authors have also found that PC-1505 has more sustained activity than T-20 against T-20-sensitive clone NL4-3G in the in vivo model [53] . Similar design was also reported by Xie etc., in which a modified anti-HIV peptide MPA was conjugated to HSA through specific maleimide-thiol addition. The resulted albumin-peptide FB006M displayed potent inhibitory activity against a number of laboratory and clinical isolates of HIV-1 in vitro and in vivo [54] .
Furthermore, the biological conjugation of therapeutic reagents to HSA can be performed not only on the unique free cysteine, but also the other cysteines in unfolded HSA. For example, Ming etc. reported a HSA based macromolecular conjugates for targeted delivery of therapeutic oligonucleotides. In their system, native HSA was properly treated with reducing reagent DTT to disrupt the intracellular disulfide bridges. A tumor targeting peptide RGD conjugated siRNA was conjugated to HSA through disulfide linkage between the thiols from siRNA and that from cysteines in HSA. The resulted HSA conjugate has a hydro-dynamic diameter of 13 nm, and has demonstrated great gene delivery effect in in vitro study [10] .
Target Lysine Residues on HSA for Covalent Interaction with Drug Molecules
The unique cysteine residues indeed provide promising reactive sites for preparation of drug-HSA (1: 1) conjugates based on the highly selective reaction between thiol and maleimide. However such strategy may have obvious limitation in the fabrication of multivalent drug-HSA conjugates because only one free cysteine on HSA is available. Although reducing reagent denatured HSA offers the possibility for multivalent conjugation by targeting cysteines, HSA transport protein may easily lose its native formula during such reductive treatment. Compared to the limited free cysteine residue in HSA structure, there are 59 lysine residues in HSA that represent numerous reactive amino groups, and several of them are also chemically accessible [55] .
The first drug-HSA conjugate currently evaluated in phase I/II clinical studies was a methotrexate-HSA complex (MTX-HSA), which was prepared by directly conjugating MTX to lysine residues of native HSA [56, 57] . Although HSA offers numerous reactive lysine residues for MTX conjugation that allows high drug loading capacity, preclinical studies has revealed that low drug loading rates (< 3: 1) would be very crucial for optimal tumor targeting. Phase I study has implied an excellent toxicological profile, which allows safe administration for cancer therapy [56] .
As one kind of commonly used photosensitizers, porphyrins have been extensively applied in fluorescence imaging and in photodynamic treatment (PDT) of tumors, mainly attributed to their unique photochemical and photophysical properties [59] . Several natural porphyrins have intrinsic carboxyl groups such protoporphyrin IX (PpIX) and Chlorin e6 (Ce6), thus can serve as promising materials for the preparation of therapeutic photosensitizer-protein conjugates by direct conjugation to lysine residues in carrier proteins [58, 60] . Recently, a tumor-targeting HSA based photodynamic therapy (PDT) system has been developed by conjugating an attractive hydrophobic PDT reagent, Ce6, to native HSA through the coupling reaction between carboxyl groups on Ce6 and theamide group of lysine side chain in HSA with the assistance of coupling regents of EDC/HOSu [58] . The authors found that the amount of Ce6 on a single HSA did not increase more than approximately 14 molecules when continually increasing the ratio of Ce6 to HSA during the coupling reaction. Under aqueous conditions, HSA-Ce6 conjugate formed stable and soluble self-assembled nanoparticles through hydrophobic interactions between Ce6 molecules with size distribution of 80-100 nm in diameter. The in vivo distribution and therapeutic efficacy of Ce6-HSA-NPs was then evaluated in HT-29 tumor-bearing mice. Compared with free Ce6, Ce6-HSA conjugates exhibited promising tumor target effect and prolonged retention time in tumor site. As indicated in Fig. 9 , at the same irradiation conditions, Ce6-HSA treatment leads to a significantly greater tumor volume reduction than control group with the treatment of free Ce6 [58] .
Although the drug-HSA conjugate can be easily prepared by the reactions between the carboxyl groups on drug molecules and lysine residues on HSA, in some cases, additional pretreatment of these therapeutic molecules or HSA structure are also necessary when the therapeutic molecules do not have a carboxyl group. For example, the commonly used antitumor drug doxorubicin (DOX) does not have free carboxyl groups in the structure. In order to prepare relevant DOX-HSA conjugation through its targeting to lysine residues of HSA, in a recent report, Yang etc introduced an extra linker group such as 4-pentynoic acid to firstly conjugate with native HSA through its NHS ester derivative to form the alkynyl group functionalized HSA (Fig. 10) . Meanwhile, an azide tagged pH sensitive motif was conjugated to DOX molecule to form a DOX prodrug. This prodrug was then reacted with HSA through "click reaction" to afford a pH sensitive DOX-HSA protein conjugate. The authors found that the as-prepared DOX-HSA conjugate can deliver DOX drug molecules into lysosomes of tumor cells, which was confirmed by co-staining with lysotracker blue. Moreover, the greatly improved cellular uptake and cytotoxicity was observed on the DOX-HSA conjugate when compared with free DOX prodrug alone or the control DOX-HSA conjugate without an acidlabile group [61] .
In terms of numerous lysine residues in one protein structure, it is difficult to achieve specific conjugation of a therapeutic reagent to the expected site in HSA carrier. Non-specific reaction may limit the prospect toward obtaining a chemically homogeneous proteindrug conjugate [62] . Therefore, reliable methods for site-specific labeling on HSA for the purpose of obtaining new homogeneous protein therapeutics are highly desirable [63] . Besides the conjuga- tion of lysine residues in HSA structure through N-hydroxysuccinimide ester based chemistry, some other reactions have also been found to react with HSA lysine residues in a highly specific manner, which could serve as new targets to achieve site-specific labeling of drugs with HSA protein carrier [64] . For example, Carlos and co-workers developed a series of labeling reagents based on the structure of TAK-242 (As shown in Fig. 11) , a potent inhibitor to block protein-protein interactions between TLR4 and its adapter proteins by covalent binding to cysteine or lysine in targeted protein structure [65] . The analogues based on such inhibitor structure may probably demonstrate high reactivity and specificity for Lys64 in HSA. To test the in vivo stability, D-biotin was conjugated to HSA through this new developed method and the commonly used maleimide/thiol reaction respectively. The biotinylated HSA conjugates were administered to BALB/c mice. Blood was collected at different time intervals and analyzed by Western blot. As indicated in Fig. 11 , the biotinylated HSA conjugate formed by their present strategy was more stable than that prepared by maleimide-thiol chemistry [64] . This new conjugation method may find great utility for the generation of drug-HSA therapeutics with well defined components and improved stability.
New Strategy in Preparation of Drug-HSA Conjugate
Besides the lysine and cysteine based chemistry in the preparation of HSA-drug conjugates, other abundant amino acid residues potentially applied for HSA conjugation will be aspartic acid and glutamic acid, which contain carboxyl groups and are also accessible to process coupling reactions between therapeutic reagents and HSA carrier protein. Usually, these reactions based on aspartic acid or glutamic acid are not suitable for synthesis of monomeric HSA-drug conjugate. Because directly activating carboxyl groups on HSA may cause unexpected cross-linking between Asp/Glu residues and intrinsic lysine residues on HSA, which may lead to uncontrollable protein aggregates. Up to date, there are various new chemicals have been developed for the labeling on different kinds of amino acids residues on proteins [66, 67] . But not many of them have been applied in therapeutic reagent preparation because of their limited selectivity, relative poor conjugation yield, extreme reaction conditions and poor bioavailability. New strategies for protein conjugation with minimized protein manipulation and without the assistance of hazardous reagents are still attracting great interests. Among the various possibility, enzyme catalyzed conjugation would be such an ideal option, which has been increasingly proven for the replacement of chemical catalyzed reactions [68] [69] [70] .
For example, tyrosinases and related phenol oxidases are the most actively studied enzymes. These enzymes can oxidize a broad range of phenols into o-quinones, which are highly reactive toward various nucleophiles [69] . (As shown in Fig. 12 ) In line with this direction, it would easily introduce phenols tagged small dug molecules or macromolecular therapeutics (e.g. antibodies etc) to carrier proteins (e.g. HSA etc). More recently, by using tyrosinases from Agaricus bisporus (AbT), an antibody (e.g. mouse monoclonal antibody) functionalized drug delivery vehicle (mAb-HSA) has been developed. To prove of concept, a mAb that can bind to MHC class II molecule (Major Histocompatibility Complex class II molecules are normally found only on antigen-presenting cells) in immune cells was selected to conjugate with native HSA. The reaction was performed by addition of tyrosinase enzyme into the mixture of mAb, HSA and excessive amount of phenolic linker molecule. The further studies confirmed that mAb-HSA conjugate could still recognize its antigens after the structural conjugation of mAb. Such one-step enzymatic strategy may offer a great alternative for preparation of functional protein based drug delivery vehicles [71] .
Genetically Modified HSA Protein for Therapeutic Design
Proteins or polypeptides are now well recognized as important classes of therapeutics of clinical and commercial interests. Among them, antibody-based drugs are the largest and fastest growing class of protein therapeutics in the USA. However, the majority of peptides and especially protein drugs are often suffered from their poor tissue penetration and low stability of at physiological conditions [72] . Fortunately, many obvious evidences also indicated that the pharmacokinetic properties of protein drugs can probably be improved by covalent coupling to a suitable carrier. Human serum albumin has been widely used as a protein carrier for small dugs and proteins drugs due to its unique features of long life of circulation, high accumulation in the target tissue, as well as low toxicity [73] . However, chemically conjugation of protein drugs to HSA may potentially disrupt the three-dimensional shape, and thus subsequently block the targeted functions. Moreover, recent advances on current DNA recombinant and synthetic technologies enable polymeric albumins or albumin fragments to be easily produced. By right, gene manipulation techniques already light on the possibility of making HSA-carrier drug fusion proteins with desirable therapeutic properties [74] . Up to now, genetic fusion of a protein therapeutic reagent (e.g. antibodies etc) to HSA carrier has been proved to be an effective way to facilitate the delivery of protein therapeutics into targeted diseases areas. There are numerous other reviews that have already explained the importance of such genetic fusion with protein carriers [12, 75] . In this section, we will only cover some very latest progresses in the fields regarding the conjugation of protein therapeutics with HSA.
Recently, Yang etc. described a new recombinant protein system and its potential application prospect for rheumatoid arthritis (RA) therapy [76] . It is known that that Interleukin-1 (IL-1) plays critical roles in the development of several chronic inflammatory diseases, including RA, and blocking the binding of an excess of IL-1 to receptor by its receptor antagonist has been proved to be therapeutic potential in several IL-1 associated autoimmunity diseases [77] . Basically, the receptor antagonist analogue Interleukin-1 (IL-1) based IL-1ra was genetically fused to HSA to form a IL1ra-HSA fusion protein. In vitro inhibition effect of the fusion protein against cytolytic activity of IL-1 to A375.S2 cells was then studied in comparison with free IL-1ra and carrier protein HSA. Only slight reduction of inhibition ability was observed compared with IL-1ra, indicating similar function to that of IL-1ra.
Uptake and biodistribution of IL-1ra-HSA was then evaluated by intravenous injection of radiolabeled fusion protein ( 131 I-IL-1ra-HSA) into mice with collagen-induced arthritis (CIA) and healthy control mice (As shown in Fig. 13) . The maximal accumulation of fusion protein (4.2 ± 0.3% of the initial injected amount) in arthritic paws was achieved at13 h post injection that is 7 fold higher than that in healthy hind paw. As contrast, radiolabeled IL-1ra itself just exhibited background level accumulation in both inflamed and healthy hind paws. Moreover, the uptake of the fusion protein was significantly lower than those of IL-1ra in liver and lung in both arthritic and healthy mice, which fusion with HSA can significantly increased the tissue specificity and reduce nonspecific accumulation [76] .
Similarly, the strategy by fusing an antagonist protein of a specific factor receptor to HSA has also been applied by Kontermann etc. in the design of therapeutics against the signal pathways of tumor necrosis factor (TNF) [78] . As a pleiotropic cytokine, tumor necrosis factor (TNF) plays important roles in mediation of immune responses. Two kinds of TNF receptors TNFR1 and TNFR2 were involved in TNF based signaling pathways. The activation of TNFR1 by membrane TNF (mTNF) or soluble TNF (sTNF) could induce pro-inflammatory and pro-apoptotic signals [79] . During the systematic studies, a humanized anti-TNFR1 single-chain fragment variable (scFv IZI-06.1) was selected as the druggable protein, which selectively inhibited binding of TNF and lymphotoxin alpha to TNFR1.
The fusion protein scFv-HSA was produced by Chinese hamster ovary (CHO-K1) after gene transfection with CEMAX shuttle vector pCV072 containing the relative coding sequence. Actually, prior to this study, the same group has developed a scFv fusion protein by converting it to a fully human IgG1 antibody (ATRO-SAB), which showed great potential in treatment of inflammatory diseases [80] . In current study, binding of scFv-HSA to human TNFR1 was examined by ELISA in comparison with ATROSAB and scFv IZI-06.1 (Fig. 14) . Compared to ATROSAB with bivalent interaction, the authors assumed that relatively lower inhibitory activity of the scFv-HSA could be exclusively attributed to the reduced affinity due to monovalent interaction with TNFR1. The authors claimed that further studies will be required to compare Fig. (12) . Illustration of tyrosinase induced cross-linking of protein and other functional ligands [69] . Fig. (14) . A) Binding of scFv-HSA, ATROSAB and scFv IZI-06.1 to human TNFR1-Fc in ELISA; B) Pharmacokinetics of scFv-HSA and ATROSAB in female CD1 mice. Protein levels were determined by ELISA. ScFv IZI-06.1 was included for control [78] . [Reprinted by copyright with the permission of Oxford University Press] scFv-HSA with ATROSAB including the studies in experimental models of inflammatory and neurodegenerative diseases.
Reactive oxygen species (ROS) are the primary pathogenic molecules produced in microbial infections including viral lung infections [81] . It has been found that oxidative stress plays important roles in the pathogenesis and development of influenza induced acute lung injuries (ALI) [82] . Thioredoxin-1(Trx), a small redoxactive protein (12k Da) with ubiquitous expression in human body, has been proposed to have the potentials in the treatment of influenza virus-induced ALI. However, the therapeutic impact of Trx is greatly limited because of its extreme short half-life in plasma of mice (1 h) and rats (2 h) [83] . In order to develop long-acting form of Trx, Maruyama etc. proposed a recombinant Trx-HSA fusion protein. [84] The results indicated that Trx-HSA had good redox regulation properties and could be used as a novel and effective approach for preventing contrast-induced nephropathy (CIN).
More recently, the therapeutic impact of Trx-HSA in the treatment of influenza-induced ALI has also been evaluated by the same group. [85] Typically, the influenza-induced ALI model mice were produced by intratracheal injection of influenza virus A/PuertoRico/ 8/34(H1N1) suspension. Since influenza infection may cause induction in the infiltration of inflammatory cells, especially neutrophils, the protection efficacy of all tested reagents were examined by counting the number of total cells and neutrophils in the bronchoalveolar lavage fluid (BALF). As shown in Fig. 15 , the Trx-HSA treated mice demonstrated a significant small number of total cells and neutrophils in BALF than those treated with saline or Trx. In addition, Trx-HSA could significantly suppress the elevation of protein levels in BALF, which was often associated with the acute lung damage. The authors thus offered a potential therapeutic protein agent for the treatment of various acute inflammatory disorders.
HSA-based Protein Nanoparticle Systems for Therapeutic Design
Among various kinds of nanostructures, protein nanocarriers such as HSA based nanostructures serve as an ideal platform for controlled delivery of bioactive agents due to their unique features of low toxic and biodegradable properties. Moreover, owing to the presence of functional groups such as aminos, thiols and carboxylic groups etc, HSA nanoparticles make themselves available for covalent conjugation to drug molecules or some specific targeting ligands. Up to date, HSA-based nanoplatforms have been success- fully applied in delivery of many kinds of small drug molecules such as doxorubicin (DOX), paclitaxel and some druggable metal based complexes. Generally, like many other protein nanoparticles, HSA-based nanocarriers could be fabricated either through noncovalent binding strategies such as self-assembly or covalent conjugation strategies such as cross-linking reagents guided intermolecular conjugation. In this section, we will mainly focus on the latest progress on the preparation and application of HSA based protein nanoparticles.
Preparation of HSA-based Nanoparticles
By right, three typically different technologies have been described for fabricating albumin nanoparticles, mainly based on emulsion formation, desolvation or coacervation. [9, 86] With respect to the emulsion technique, basically, the preparation of HSA nanoparticle has been extensively studied under different conditions determined by concentrations, emulsification time and power, stirring rate, heat stabilization temperature and the types of the nonaqueous phase etc [87] . Despite successful in principle, however, involvement of organic solvents and surfactants during the preparation process would be the potential disadvantages, which would make emulsion and purification more complicated. To solve this issue, the desolvation process without organic solvents has therefore been proposed subsequently which has been extensively applied for preparation of albumin nanoparticles so far [86, 88] .
As showed in Fig. 16 , in a typical desolvation process, nanoparticles are generated by a dropwise addition of a desolving agent (e.g. ethanol etc) to an aqueous solution of albumin (e.g. pH 7.0 -10.0) under stirring until the solution become cloudy. During the addition of ethanol into the albumin solution, the self-assembled nanoparticle formed due to diminished water-solubility. To stabilize the albumin nanoparticles, a cross-linking reagent such as glutaraldehyde etc is then added into the solution, resulting condensation reactions between basic amino acid residues such as lysines or arginines in albumin structure. Based on this procedure, the albumin nanoparticles with well-defined mean particle sizes (approximately 100 nm) can be easily obtained under well controlled pumpinjection system.
Moreover, in order to further reproduce HSA nanostructures with well-defined morphology and surface chemistry, some other desolvation techniques based on nano-spray drying [89] , selfassembly [58, 90, 91] and disulfide stabilizing techniques [92, 93] , have been also reported. So far, these new strategies have been extensively utilized in the synthesis of human serum albumin based drug nanocarriers for enhanced pharmacotherapeutic applications [94] . Among them, the method of spray drying takes great advantages in preparation of albumin-based nanocarriers with reproducible morphology and surface chemistry. Fig. (15) . Relative inhibitory effect of HSA-Trx or Trx on influenza-infected mice. The same injected dose (3.5 nmol/mouse) HSA-Trx or HSA was administered intravenously at 4 and 6 days after the virus infection. The numbers of (A) total cells and (B) neutrophils, or (C) protein concentration in BALF were determined at 8 days after virus infection. (D) Sections of pulmonary tissue were prepared at 8 days after virus infection, and subjected to histopathological examination (HE staining) [85] . [Reprinted by copyright permission of the Nature Publishing Group] Fig. (16) . Schematic illustration of albumin-nanoparticle synthesis by desolvation/coacervation method [88] .
More recently, another new fabrication method in preparation of self-cross-linked HSA-NPs was reported by Cheng etc. As shown in Fig. 17 , the authors broke up the intramolecular disulfide bonds of HSA by glutathione (GSH), and then used a modified desolvation method to form the HSA-NPs. The obtained nanoparticles are quite stable in reducing free buffers, but highly sensitive to physiologically relevant reducing environment such as a solution containing GSH. Therefore, this new strategy may hold great potentials in preparation of multifunctional HSA-NPs for therapeutic applications [92] . 
Recent Pharmaceutical Design on the basis of HSA Nanoparticles
As nanocarriers to targeted delivery of therapeutic reagents, protein nanoparticles made of albumins offer unique properties of promising biodegradability, reproducible preparation, and more importantly, favorable surface chemistry. Furthermore, inspired by natural characteristics of protein transporters, HSA-based nanocarriers indicate great potentials in enhancing the circular retention and accumulation of drug molecules in diseases areas. So far, there are an increasing number of HSA-based nanodrugs are under clinical trials including radioactive 99m Tc albumin aggregates for nuclear medicine diagnosis, albumin-paclitaxel (ABI-007) and albumindocetaxel nanoparticles (ABI-008) for effective antitumor treatment [95] . Among them, the FDA approved albumin-paclitaxel nanoparticle (ABI-007 or Abraxane®), an injectable formulation of paclitaxel and HSA-based carrier with an average particle size of 130 nm developed by American Bioscience, has become the most advanced HSA-drug product for the treatment of various types of cancers such as metastatic breast cancer (in 2005), non-small-cell lung cancer (in 2012) and pancreatic cancer (in 2013) [96] .
As showed in Fig. 18 , it has been proposed that albumin-based Abraxane® drug carrier has been transported by targeting to the glycoprotein receptor gp60 on the endothelial cells, which subsequently activated caveolin-1 dependent endocytosis of HSA nanoparticle across the cell membrane [97] . After that, endothelial cells could release HSA bound paclitaxel into the subendothelial space. Upon exposure to tumor interstitium, the accumulation process of albumin-drug in tumor cells could be possibly facilitated by SPARC (Secreted Protein, Acidic and Rich in Cysteine), a matricellular glycoprotein with high binding affinity to albumin, which has been found over-expressed in many cancers. Encouraged by the excellent clinical performance for such well-developed albuminpaclitaxel nanocarrier, there is a continuous interest in exploring new therapeutic candidates based on HSA-based nanoparticles [98] [99] [100] . For example, a widely used antitumor reagent, doxorubicin (DOX), has also been incorporated into HSA nanoparticles by a modified desolvation method and the in vivo anticancer study on H22 tumor-bearing mice revealed that such DOX-HSA nanoparticle exhibits significant therapeutic effect in inhibition of tumor growth. Moreover, compared with free DOX, a significant reduced cardiac toxicity was observed during the treatment with DOX-HSA-NPs [101] . Very recently, another novel self-assembled paclitaxel-HSA nanoparticle with an enhanced antitumor efficacy was also described [90] . Unlike most commonly used chemical strategies, where hazardous cross-linking agents are often used, a different self-assembling strategy to avoid toxic conjugating agents and organic solvents has been applied. In this approach, HSA carrier was firstly unfolded to expose the relative hydrophobic domains and followed by co-assembly with paclitaxel drug (PTX) into nanoparticles. The new PTX-HSA nanoparticle displayed a high drug loading capacity, and even nearly all drugs were encapsulated into the HSA nanocarriers [90] . As indicated in Fig. 19 , the imaging tracking analysis indicated that such HSA-PTX nanoparticle could greatly enhance the accumulation of dye molecules or drug molecules in tumors of H22 tumor-bearing mice. In order to evaluate of the in vivo anti-tumor efficacy, the aforementioned FDA approved anti-breast cancer HSA-bounded PTX drug, Abraxane®, was used as a control. The result indicated that such newly developed PTX-HSA nanoparticle is more efficient than Abraxane® in both suppression of tumor growth and elongation of the mouse survival time [90] .
As described in section 2.2.1, a new strategy in preparation of self-cross-linked HSA-NPs without need of any toxic chemicals has been developed [92] . In a latest study, a novel paclitaxel (PTX) loaded HSA nanoparticle has been prepared based on the intermolecular refolding strategy. To prepare the PTX loaded HSA nanoparticle, a de-natural HSA/water solution was mixed with PTX/tertiary butyl alcohol solution in a microchannel reactor. The obtained NPs with size ranged from 140-180 nm was water soluble and remained stable for at least 48 hours in aqueous medium with no change in morphology. When exposed to reducing environment such as the GSH containing cell culture medium, cross-linked PTX-HSA-NPs exhibits rapid response with a quick PTX release, thus holds great potentials for controlled therapeutic applications [93] .
Besides the small molecule drugs, the macromolecular therapeutic proteins can also be incorporated into HSA nanoparticle to achieve enhanced pharmacotherapeutic effect in HSA-based nanocarrier design. For instance, a mouse monoclonal antibodies (mAb) recognizing MHC class II molecule has been developed to covalently bind to HSA nanocapsules. [103] The HSA nanoparticle bound antibody maintained the binding ability to its antigenpresenting cells without any unspecific binding to MHC class IInegative cells [103] . Similarly, in addition to antibodies, therapeutic active enzymes can also be delivered by using HSA nanoparticles. For example, -galactosidase, an essential exoglycosidase enzyme in the human body, can hydrolyze the -glycosidic bond between a galactose and its organic moiety. Recently, this enzyme was coassembled with 30Kc19-HSA nanoparticles to form an enzyme delivery nanosystem with enhanced cell penetration [103] . Basically, 30Kc19 protein and HSA were firstly fabricated into nanoparticles by using the desolvation method. The cargo proteingalactosidase was then conjugated to the 30Kc19-HSA nanoparticles by glutaraldehyde guided cross-linking method. The results demonstrated that the 30Kc19 protein-HSA--galactosidase hybrid nanoparticles exhibited enhanced cellular uptake and beta-galactosidase activity when compared with the HSA--galactosidase nanoparticles (As indicated in Fig. 20) . Inspired by the rational design of introducing an additional cell penetrating or specific targeting fragment to HSA-based nanocarriers for enhanced therapeutic behavior, another antitumor doxorubicin containing HSA nanoparticle with surface functionalization of TRAIL and transferrin (TF) was also developed by Youn etc very recently (Fig. 21) [104] . Typically, TRAIL, a tumor necrosis factor (TNF)-related apoptosis-inducing ligand, was selected as the second bioactive molecule in addition to doxorubicin drug. Transferrin, a critical protein transporter, is known to guide the TF bound cargo molecules into cancer cells via the transferrin receptor (TFR)-mediated endocytosis pathway [105] . The in vitro study indicated that this HSA nanoparticle is able to inactivate various types of cancer cells including the DOX resistant MCF-7/ADR cell-line and a necrosis/apoptosis-less sensitive pancreas cell-line (CAPAN-1). In addition, the transferrin conjugated HSAdrug nanoparticles also exhibited enhanced tumor localization, suggesting excellent targeting roles of transferrin when bound to HSA carriers. Similarly, Trastuzumab (TMAB), an anti HER2 monoclonal antibody that is frequently used for breast cancer treatment, was also chosen to conjugate with antitumor drug Methotrexate (MTX) loaded HSA nanoparticle to form a cancer targetable HSA-MTX nanodrug [106] . The specific targeting roles of antibody functionalized HSA nanoparticles could increase the therapeutic efficacy of MTX on HER2 tumor cells, and meanwhile decrease the unexpected side effects on the healthy tissues or organs. Apart from the systematic conjugation of protein moieties to HSA-based nanocarriers, similar design by conjugation of a nucleolin-targeting DNA aptamer to HSA structure to achieve a tumor targetable protein-DNA nano-complex has been developed. Based on such novel aptamer-HSA-PTX nanoparticle, the anticancer drug paclitaxel (PTX) can be successfully delivered into MCF-7 cells with enhanced uptake compared with aptamer free HSA-PTX nanoparticle [107] .
HSA-ORGANIC/INORGANIC HYBRID NANOSYSTEMS FOR THERAPEUTIC DESIGN
Although protein based nanomaterials (e.g. HSA-based nanocarriers) have been widely applied in therapeutics design, there still exist some potential drawbacks on pure protein-based materials such as lack of intrinsic targeting groups, limited proteolytic stability, and insufficient circulation times [108] . To minimize these technical shortcomings, further modification to optimize protein structures would be therefore highly required. Recent advances of organic micro/nanoparticles such as synthetic polymers and inorganic nanomaterials have individually or synergistically attracted increasing attentions in the last few decades attributed to their promising stability, controllable morphology and tunable surface chemistry. Therefore, fabrication of nanostructures by combination of the advantages from polymers or inorganic nanoparticles with unique properties of serum albumin protein carrier may generate novel biomaterials with more potential for potent biomedical applications.
HSA-Polymer Hybrids for Delivery of Therapeutic Reagents
The conjugation of synthetic polymers to protein materials may equip the hybrid materials with favorable properties such as tailored amphiphilicity, new types of self-assembly and good phaseseparation activity [109] . Moreover, polymer functionalization can also enrich the surface chemistry of protein-polymer hybrids, and can thus facilitate the subsequent conjugation of other functional moieties including specific targeting ligands and environmentresponsive linkage molecules. In general, there are two types of basic core-shell structures in all existing albumin-polymer hybrid systems (As illustrated in Fig. 22) . Similar to many other proteinpolymer hybrids, the HSA-polymer nanoparticles can also be easily obtained via non-covalent and covalent conjugation strategies. Actually, HSA surface offers a pool of active groups such as amines of Lys residues, carboxylic acids from Asp and Glu residues, thiols from Cys residues, which can therefore facilitate both statistical and site specific chemical conjugations for the modification of protein structures [108] . Usually, covalent conjugation (e.g. through amide bonds etc) can make the HSA-polymer hybrids more stable under physiological conditions, and thus potentially minimize unexpected drug leaking. The driving forces toward non-covalent generation of protein polymer hybrids are derived primarily from the electrostatic or hydrophobic interactions. Although non-covalent conjugation strategies have been thought to be relatively easy for preparation of flexible materials for a wider application range, the relatively weaker interactions compared to robust covalent connections would be the potential concerns for the rational design of HSA-polymer hybrid carriers in their extensive applications in living system [109] .
HSA-Polymer Hybrids through Covalent Interaction
Owing to the fact for their easy preparation and usually high production yield, the covalent conjugation has been widely used in the preparation of HSA hybrids. Normally, the reaction between EDC/NHS activated carboxyl acids and amines, and the reaction between maleimide and thiols are the most commonly used strategies to form HSA-polymer hybrids. Considering the biocompatible properties of polymeric materials, polyethylene glycol (PEG) has become the number one polymer option to improve the potentials of the therapeutic HSA-polymer hybrid carriers with minimum side effects and cytotoxicity to normal tissues [110] . In addition, PEGylation was also found to enhance the passive targeting ability of protein carriers through EPR effect. Since the first developed PEGylated albumin hybrids by Davies and Abuchowski in the 1970s, the strategy of HSA PEGylation has been continuously broadened in the relevant research areas [108, 109, [111] [112] [113] .
Generally, HSA has been selectively PEGylated by a PEGpropionalde derivative (20 kDa) by utilizing the different pKa values of the -amino group of the N-terminal residue and the -amino groups of the Lys residues [115] . The as-prepared HSA-PEG hybrids normally demonstrated prolonged half-life time and enhanced vascular retention, when compared with the native HSA alone. Recently, Lee etc reported a paclitaxel (PTX) delivery system using shell cross-linked PEG-HSA hybrid nanocapsules. Typically, PEG chain (5 kDa) was cross-linked onto HSA nanoparticles through NHS ester/amine and maleimide/thiol chemistry to form the coreshell structure. Due to the strong binding of PTX to HSA, the drug molecules were effectively encapsulated into the hydrophobic inner core of the cross-linked shell particle. Moreover, after loading with PTX, the HSA-PEG shell still represented reactive groups for the conjugation of a cell-penetrating peptide Hph1. Upon the assistance of Hph1, the PTX-loaded HSA/PEG nanocarries can preferentially accumulate in the targeted tumor site. Furthermore, the in vivo anticancer studies also indicated that the PTX-HSA/PEG nanoparticle can effectively suppress tumor growth when upon i.v. administration.
Besides numerous accessible functional amino and carboxyl groups in native HSA structure for the functionalization of PEG and other polymers, more reactive groups (such as the thiols on cysteines) could also become chemical accessible if HSA was denaturized by a proper reduction reagent. The enriched surface chemistry in HSA structure may make this protein-based carrier more available to hybridization with polymer materials, and to conjugation of drug molecules or other functional reagents including some specific targeting ligands. So far, a series of stable and highly well-defined albumin based co-polymers via novel denaturation and pegylation approaches have been developed [108, [116] [117] [118] . For example, a polymer albumin core-shell nano-transporter has been recently described for high capacity loading and controlled release of antitumor doxorubicin drug with enhanced anti-leukemia activity [119] . Typically, the native HSA has been firstly conjugated with ethylene diamine to form cationized protein surface followed by the conjugation with polyethylene (oxide)-2000 (PEO2000). The HSA-polymer conjugate was then denaturized to form an unfolded polypeptide with free cysteine residues for DOX-maleimide conjugation. The final DOX loaded protein-polymer conjugate is brought into water Fig. (21) . Schematic illustration of the preparation of TRAIL/Tf/Dox HSA-NPs. Picture adapted from reference [104] [Reprinted by copyright permission of Elsevier] Fig. (22) . Illustration of two fabrication strategies for protein-polymer hybrids preparation, polymer@protein/core-shell and protein@polymer/core-shell, the black dots stand for drug molecules [109] .
to form the self-assembled core-shell structure (~ 100 nm in diameter) (Fig. 23) . The in vitro study and primary in vivo investigations indicated the great potential for the treatment of Leukemia, additional pharmacological studies will be required to completely understand the pharmacokinetics of this macromolecular HSA-based polymer drug carrier under in vivo conditions [118] .
HSA-Polymer Hybrids through Non-covalent Interaction
The key driving forces toward the non-covalent conjugation of protein-polymer co-assembled nanostructures would be the electrostatic and hydrophobic interactions from the amino acid residues in protein structures and the functional groups in polymer materials. In terms of the isoelectric point of HSA (pI = 4.9) [120] , human serum albumin usually displays a negative net charge under physiological pH. Therefore, the positively charged polymers have been often chosen to form the HSA-based polymer hybrids to improve the efficacy of therapeutic molecules or gene delivery, as the positively charged surface may facilitate the nanoparticle drug carries translocate into targeted cancer cells [121] . For instance, poly (ethylenimine)s (PEI) are such a kind of cationic polymers, which have been commonly utilized to non-covalently coat with HSA-based carriers to enhance the stability, and to improve the binding capacity of negatively charged therapeutic molecules including drug active proteins and siRNAs into living systems [122, 123] . Recently, upon the fabrication based on the well established ethanol desolvation technique, such hybridized PEI-HSA nanoparticles have also been used for the delivery of small molecular antitumor doxorubicin drugs [124] .
Moreover, the HSA-based polymer hybrids can also be designed as polymer@HSA core-shell structure rather than HSA@polymer core-shell. For example, Dong etc proposed a type of new hybridized HSA-polymer core-shell nanoparticle for tumor environment-sensitive DOX drug delivery [124] (As shown in Fig.  24) . Basically, DOX drug molecules were firstly mixed with polyCG DNA fragments to afford DOX encapsulated DNAs, followed by the addition of the cationic gelatin (C-gel). The obtained core structure was then mixed with native HSA solutions to form the final core-shell complex, namely HDD, through electrostatic interaction between negatively charged HSA and positively charged the C-gel. Different from most delivery vehicles based on HSA where the covalent conjugation was required, in this design, HSA attached to the polymer nanoparticle as its native and active formula. The in vivo anticancer study indicated that such HSA coated nano-complexes (HDD) could quickly accumulate in the tumor site, leading to release of DOX upon the digestion of the gelatin and the DNA in the presence of protease and DNase. The results from both S180 tumor model and the orthotopic hepatic Heps tumor model suggested that HSA capsulated DOX containing nanoparticle exhibited a higher anticancer efficacy and a significantly lower cardiotoxicity than free DOX drug molecule.
Besides positively charged PEI and gelatin, cationic dendrimers such as Poly(amidoamine)/ (PAMAM) have also been used to conjugate with HSA through non-covalent electrostatic interactions. By right, PAMAM dendrimers have been widely investigated in the biomedical applications for effective therapy and diagnostics [126, 127] . Several studies have been conducted to investigate the binding between PAMAM and HSA protein, and the result indicated a complicated binding mechanism involved in electrostatic interaction, hydrophobic interaction and hydrogen bonds formation [128, 129] . By taking those great advantages, HSA has been recently introduced to PAMAM to form a self-assembled dendriplexes for plasmid DNA delivery [130] . The result showed that the incorporation of HSA to the dendrimer macro-systems can significantly enhance gene delivery effect and diminish the membrane damage by highly positively charged the PAMAM.
Moreover, non-covalent electrostatic interactions have also been applied to encapsulate HSA into self-assembled superamolecular systems such as liposomes etc. For instance, pirarubicin (THP) is an effective anthracycline analogue for the treatment of various types of solid tumors. However, its promising utilities have been limited mostly due to the extensive side effects.
Very recently, a THP based oleic acid complex (THP-OA) through electrostatic interactions has been synthesized. Such THP-OA complex was subsequently incorporated into HSA containing liposome nanostructure, which was obtained by a simple high pressure homogenization method in the presence of egg yolk lecithin E80 and HSA proteins (Fig. 25a) . The in vivo study indicated that this novel pirarubicin-oleic acid complex albumin nanoparticle (THP OA AN) retained potent antitumor efficiency with significantly reduced side effects in comparison with free THP (Fig. 25b ) [131] . Such self-assembled protein drug liposome nanocomplex integrated the advantages of both liposome and HSA-based protein carrier, and thus enabled HSA easily compatible with small molecule pirarubicin drug molecules, thus providing a promising strategy to non-covalently assemble carrier proteins into superamolecular platforms for the enhanced pharmacotherapeutic applications in vitro and in vivo.
Fabrication of HSA-Inorganic Nanoparticle Hybrids
Besides HSA nano-hybrids on the basis of polymer materials, inorganic nanoparticles have also attracted significant academic and industrial interests in biomedical applications during the last few decades, due to their unique material-and size-dependent physicochemical properties, which usually are not achievable through traditional soft materials such as lipids or polymers based nanoparticles [132] . Generally, inorganic nanoparticles indicated unique optical, magnetic and other physical properties, which enabled them not only working as nano-sized delivery vesicles, but also serving as alternative probing materials to replace small molecules or organic fluorophores for their promising biomedical applications in molecular imaging and diseases therapy. Nano-sized inorganic delivery carriers can normally achieve their effective accumulation in the site of diseases interests, and can be transported or processed at the scales of tens of nanometers, mostly based on their endogenous transport mechanism in living cells or tissues. However, efficiency in relevant cellular trafficking and tissues targeting, and effective bioavailability for mostly existing inorganic nanoparticles remain the technical challenges in the fields which may potentially limit their biomedical applications in vitro and in vivo. Therefore, proper surface modification of particles with affinity ligands or biocompatible moieties is often necessary and required to retain the colloidal stability and to solve these technical obstacles [133] .
As a highly functional transport protein in blood plasma, human serum albumin has been frequently utilized for their pharmacotherapeutic design. Extensive studies have confirmed that surface modification of inorganic particle with HSA designates several advantages such as improving the stability and solubility of nanomaterials. In addition, because of its excellent binding capacity to various therapeutic molecules, HSA on nanoparticle surface may also serve as an ideal vector for transport and release of drug molecules. Moreover, HSA also demonstrated promising plasma stability and long circular retention time, which makes it an excellent option for improving the accumulation of nanoparticles in targeted diseases sites through passive EPR effect [9, 134] . Similar to aforementioned strategies to functionalize HSA-based polymer hybrids, HSA can be also conjugated to inorganic nanoparticles through covalent linkage or non-covalent interactions depending on different purposes. In terms of the linkage through covalent conjugation, additional functional groups on various types of nanoparticle surface such as amines, carboxyl acids or thiols etc are usually indispensable. HSA can be therefore directly coupled to inorganic particle surface through the binding with free amino, carboxyl or thiol presenting residues in native HSA.
The biological behavior of inorganic nanoparticles may change when upon binding with HSA protein [134] [135] [136] [137] [138] [139] [140] . These studies have found that cellular uptake of nanoparticles is strongly affected by the physicochemical properties of a protein layer surrounding the nanoparticles. For instance, Krol etc. conjugated 98 Au radiolabeled gold nanoparticle with HSA and another blood proteins apolipoprotein individually. The biological kinetics of these gold nanoparticle protein conjugates (abl-AuNP and apoE-AuNP) have been systematically investigated in animal models when compared with a non-protein coated nanoparticle (citrate-stabilized AuNP) [142] . The authors concluded that protein conjugation can greatly increase the blood circulation time of AuNPs, and the HSA coated AuNPs could even move more deeper into the brain tissue close to the hippocampus after 19 hours post intravenous injection. Particularly, HSA coated AuNPs also indicated a higher retention in lung and brain in comparison with other particles with different surface modifications. These findings provided insightful information for the rational design of nanodrugs targeting to brains and lungs. Similar studies based on the binding of HSA protein to single-walled carbon nanotubes (SWCNT) also confirmed that albumin conjugation could enhance cellular internalization of SWCNT and could also further stimulate myeloperoxidase (MPO) based nanotubes biodegradation in human inflammatory cells [143] .
Encouraged by their promising biological behaviors of HSA coated nanoparticles, great affords have been carried out to develop novel drug delivery nanoplatforms with enhanced therapeutic effects. For example, Chen etc reported a HSA-coated iron oxide nanoparticle formula for tumor targeted and magnetic resonance imaging (MRI) guided drug delivery [144] . The in vitro assays indicated that HSA capsulated nanoparticle (D-HINPs) can help antitumor drug DOX cross the cell membrane and accumulate into its cell nuclear targets. (Fig. 26) The authors assumed that the polyamine layer may contribute positively charges to particles and thus partially enhance the cell internalization, and additionally, HSA coating may have played a positive role in tumor targeting. The further in vivo therapeutic studies indicated that this new designed nanoparticle exhibited comparable tumor suppression effect to Doxil, a FDA-approved nano-drug [145] . More importantly, the particle preparation can be easily scaled up, and the same technique can be readily applied to load other small-molecule-based therapeutics. Moreover, tumor targeted MR imaging is also available during the tumor treatment, which can not be achieved in the cases of free DOX or Doxil.
More recently, HSA hybridized graphene quantum dot nanoparticles with hyaluronic acid as cancer cell targeting ligand has also been developed. In this typical study, HSA worked mainly as protein carrier to achieve promising loading of gemcitabine drug molecules through electrostatic interactions. The in vitro studies displayed that such HSA hybridized nanoconjugate can effectively deliver gemcitabine into gemcitabine resistant pancreatic cancer cells [146] . Moreover, a HSA coated porous doxorubicin loaded gold shell nanoparticle has been reported for both tumor therapy and imaging, in this study, HSA serves as gold nano-shell stabilizer and a multi-branched polypeptide layer which enabled the conjugation of a NIR fluorescent dye and the tumor affinity ligand moiety of folic acid [147] .
Besides extensive utilities in drug delivery, HSA-nanoparticle hybrids have also been well studied in biological sensing and imaging. By taking the advantages of good biocompability of HSA, Chen etc recently reported a type of dopamine-plus-HSA coated iron oxide nanoparticles for various cell labeling in a non-covalent conjugation manner. Compared to the conventional nano-sized labeling regents, these HSA-ion oxide nanoparticles demonstrated lower toxicity to cells, and showed better T2 contrast. [148] Similarly, a HSA stabilized quantum dot (QDs) with tumor target ligand folic acid (FA) has also been synthesized for in vivo tumor imaging with reduced non-specific toxicity [149] . As a nanoparticle stabilizer, HSA was deposited onto OD surface by modified emulsification/solvent evaporation methods. In this typical system, HSA has also offered abundant reactive carboxylic groups for the conjugation with a tumor targeting ligand Folic acid-PEG-NH 2 . The FA conjugated HSA CIS/ZnS QDs is available for efficient tumortargeted imaging. More recently, Margel etc have presented a new Bi 2 O 3 /HSA core-shell nanoparticle for X-ray imaging applications. Basically, Bi 2 O 3 core particles were stabilized by coating with human serum albumin via a precipitation process. The in vivo trials confirmed the efficacy and safety of these Bi 2 O 3 /HSA core-shell nanoparticles for CT imaging [150] . Similarly, HSA-encapsulated gold nanoclusters (AuNCs) have also been developed very recently for selectively fluorescent labeling of staphylococcus aureus including those methicillin-resistant strains (MRSA) [134] . In addition to serving as nanoparticle stabilizer, HSA can also be used as responsive moieties for the detection. For instance, a new electrochemical biosensor based on the human serum albumin and graphene oxide modified indium tin oxide electrode has been developed for the discrimination of D-and L-tryptophan. The detection mechanism is based on the interaction between D-or L-tryptophan and HSA, which can generate analytical signals for further processing [151] .
The fact that HSA functionalization changed the biological behaviors of inorganic nanoparticles has been extensively applied in the design of functional nanomaterials for biomedical therapy and diagnosis. However, it must be noticed that the adsorption of HSA to the surface of nanomaterials may possibly influence HSA structure and function [152] . For example, after binding to silver nanoparticles, the reduced binding capacity to drug molecules (e.g. to warfarin and ibuprofen etc), loss of free thiols and antioxidant activity, and enhanced copper binding affinity have been observed in HSA [139] . For biomedical applications, loss of antioxidant activity could result in unexpected oxidative stress during the treatment process. The potential function alterations of HSA conjugated nanoparticle will lead to undesirable consequences, which should be taken into cautious consideration while using such nanoparticles for biomedical purposes.
CONCLUSIONS AND PERSPECTIVES
In summary, human serum album (HSA) with favorable stability, biodegradability and amphiphilicity has shown its superior advantages in the drug delivery and theranostic applications. HSA, encapsulating drugs or genes ether in its monomeric native formula or nanoparticle formula, has significantly improved the therapeutic efficacy of agents in a variety of human diseases including neutropenia, haemostasis, substance abuse, and oncology [7, 12] . So far, a number of HSA-based conjugates have been approved for human use and some are under clinical trials for future applications [108, [153] [154] [155] .
Although the developed HSA-based materials have presented a lot of promising benefits, there are still many issues need to be carefully considered and addressed. The synthesis and bioconjugation steps in many cases require harsh conditions and even biohazardous chemical regents, which may potentially result in undesirable damage to HSA structure or functions. Sometimes even some mild reactions through non-covalent binding could also influence the natural performances of HSA. What's more, the question of whether such alteration of HSA could affect the normal physiological behaviors has not been fully answered yet. This issue should be taken into consideration when using these strategies in fabrication of HSA-based therapeutics.
The successful and wide biological applications of nano-sized delivery platforms would greatly rely on the particle morphology, so as well in protein based nanomaterials. For instance, compared to HSA nanospheres, HSA nanotubes could encapsulate the target molecules more quickly without structural changes and also circulate in the bloodstream for longer time. Moreover, HSA nanotubes also have offered favorable biocompatible chambers for manipulation of virus and bacterial cells at single particle levels [156] . Despite recent progress on the fabrication of HSA protein-based nanomaterials, extensive efforts may still need to be further conducted to develop novel nanostructures to achieve the expected performance in the biomedical applications.
Moreover, there is no doubt that the well established albuminbased targeting strategy could facilitate to accumulate in malignant and inflammatory tissues due to the EPR effect, the specific affinity to the targeted disease sites remains a pressing and challenging concern. Incorporation of additional targeting ligands fused with HSA may compensate its shortcomings in improving the specific targeting [64] . However, the variety of active groups on HSA leads to failure of commonly used conjugating methods with siteselectivity, thus making it quite difficult to get a precisely defined product [10, 147, 149, 157] . Therefore, new site-specific labeling techniques are still highly desirable in the future research. Another interesting alterative to generate functional HSA would be the recombinant protein technologies [149] . Based on these techniques, not only specific targeting proteins or polypeptides could be fused to HSA, those biological molecules with other desirable functions such as protein therapeutics could be also used to adapt into native HSA structure.
Besides the promising activity towards delivery of various types of therapeutics into specific diseases area, protein based nanocarriers can also facilitate transport of molecular imaging agents for early stage of disease diagnosis and real-time monitoring of therapeutic response. It is believed that such imaging-guided diagnosis and treatment will direct us move toward the goals of personalized medicine, which, to a great extent, lies on the successful development of reliable platforms ensuing safe drug administration and reliable theranostics. By right, HSA based nanomaterials have been well investigated as such promising delivery platforms. Up to now, a number of clinic studies have proved the excellent therapeutic potential of HSA bound macro/nano-drugs. Furthermore, extensive efforts have also been greatly carried out recently in the development of HSA based imaging agents [144, [158] [159] [160] [161] [162] . Although HSA has been thought playing important roles in improving the targeting effects and reducing non-specific toxicity of imaging agents in living systems [149, 158] , the advance of HSA-based theranostics with integration of both therapy and diagnosis is still under its infant stage. Far from adequate, the relevant studies should be the main focus of the next decades. Considering the attractive biochemical and biophysical properties, it is no doubt that HSA-based materials will continuously serve as one of the important options in this active research area.
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